Background: The International Working Group (IWG) criteria for mild cognitive impairment have variable utility in predicting progression to dementia, partly depending on the setting. We explored an empiric approach to optimize the criteria and cutoff points in a population study.
T he purpose of defining mild cognitive impairment (MCI) is to consistently identify a group of individuals whose cognition, although worse than expected for their age, is not sufficiently impaired to be in the dementia range. This descriptive function has been accomplished through various approaches, on the basis of expert consensus. [1] [2] [3] [4] [5] [6] For the definition of MCI to also have diagnostic utility, it should reflect an entity that is relatively homogenous with regard to the underlying etiology or pathology, response to treatment, and/or outcome. 6, 7 The MCI syndrome is heterogenous with regard to outcome, as it can result from a variety of underlying causes-for example, progressive conditions such as Alzheimer disease 8 or Parkinson disease, 9 or other static, transient, or reversible conditions. 4,10-12 Further heterogeneity is introduced by demographic variation and comorbidity, particularly outside specialty clinical settings.
To optimize the utility of current MCI criteria, we examined prospectively gathered data from a large, population-based cohort of older adults. We have previously reported 1-year outcomes of MCI 10 defined by cognitive classification, an operational version of the International Working Group (IWG) criteria for MCI, 1 and Clinical Dementia Rating (CDR). 13 Here, we evaluated the sensitivity, specificity, and predictive value of the IWG criterion set for progression to severe cognitive impairment/dementia over 4 years. We then explored these attributes in a series of models examining each criterion separately, at fixed or flexible thresholds (cutoff points), along with demographic characteristics, associated features, and risk factors that might influence outcomes.
METHODS

Study Site and Population
Our study cohort named the Monongahela-Youghiogheny Healthy Aging Team (MYHAT 5 ) is an age-stratified random population sample drawn from the publicly available voter registration lists in a small-town region of Pennsylvania. Community outreach, recruitment, and assessment protocols were approved by the University of Pittsburgh IRB for protection of human subjects. Recruitment criteria were (a) age 65 years or older, (b) living within the selected towns, and (c) not already in long-term care institutions. Individuals were ineligible if they (a) were too ill to participate, (b) had severe vision or hearing impairments, and (c) were decisionally incapacitated. We recruited 2036 individuals over a 2-year period, screening out 54 who at study entry exhibited substantial impairment by scoring <21/30 on the age-education-corrected Mini-Mental State Examination (MMSE). This approach involves adjusting the individual participant's score according to age and education. 14, 15 The remaining 1982 individuals underwent a detailed in-home assessment including, but not limited to, the elements below.
Assessments
At baseline and at each annual data collection cycle, we assessed cognitive functioning with a comprehensive test battery tapping several cognitive domains: Attention/ Processing Speed (Trail Making Test A, Digit Span Forward); Executive Functions (Trail Making Test B, Fluency for Initial Letters, Clock Drawing Test); Memory and Learning (Logical Memory, Immediate and Delayed; Visual Reproduction, Immediate and Delayed; Object Memory Evaluation); Language (Boston Naming Test, Fluency for Animals); and Visuospatial Function (Block Design). We created a composite score for each domain, averaging zscores across all tests in that domain. 16 We also obtained the following self-reported measures: subjective cognitive concerns (SCC), ability to independently perform instrumental activities of daily living (IADL), 5 and items comprising the AD8 scale, originally designed for a brief informant interview to detect dementia. 17 
Cognitive Classification
At each cycle, we classified individuals as: cognitively normal if all of their cognitive domain scores fell within 1.0 SD of the appropriate demographic (age-sex-education) mean, on the basis of our previously published norms 16 ; severely cognitively impaired if 2 or more domain scores fell 2 or more SDs below the appropriate mean; and mildly impaired if one or more scores fell 1.0 SD below the mean without meeting the criteria for severe cognitive impairment. 5 We excluded individuals with severe cognitive impairment at baseline.
CDR
At each cycle, we assessed several aspects of everyday cognitively driven functioning to rate participants on the CDR scale, disregarding neuropsychological data, as previously reported. 5, 13 We excluded individuals with a baseline summary rating of CDRZ1 (dementia).
Thus, this study included participants who at baseline were either normal or mildly impaired by both cognitive and CDR classification.
Predictor Variables
Demographic Variables
Age: 65 to 74, 75 to 84, and 85 years or older. Education: Less than high school graduate (< HS) and high school graduate or more (> HS).
IWG 1,5 Criteria for MCI: Operational Definition
Cognitive Impairment: For these analyses we included impairment in 1 or more domains. We first treated each cognitive domain composite score as a categorical variable dichotomized at a predetermined cutoff point of >1.0 SD below the age-sex-education-adjusted mean. Subsequently, we treated each composite score as a continuous variable, allowing the statistical model to identify the optimal cutoff point.
Subjective Cognitive Concerns: On a 21-item standardized questionnaire of subjective concerns, 5 we first used a cutoff point of Z2 (50th percentile at baseline) in the initial model. In subsequent models we treated this score as a continuous variable. In later models, we also included the AD8 score as a separate variable.
Preserved Functional Independence:
We used an IADL scale score <1 (90th percentile at baseline) in the initial model and then treated this score as a continuous variable in subsequent models.
Absent Dementia: CDR of 0 or 0.5; as noted, we excluded participants with baseline summary rating of CDRZ1.
Preserved General Mental Status: Although this variable is not included in the IWG criteria, 1 it was one of the previous Mayo criteria. 2 As participants with age-education-corrected MMSE scores <21 were already screened out at baseline, we used the uncorrected MMSE with a cutoff point Z21 in the initial analyses. We then treated the uncorrected MMSE as a continuous score in subsequent models, allowing the statistical model to select the optimal cutoff point.
Associated Features and Risk Factors
We included the following baseline assessments of risk and associated factors 6 in the final models to determine whether they improved predictive value.
(1) APOE*4 genotype.
(2) History of stroke (self-report).
(3) mCES-D score, representing number of depressive symptoms. This is a modified version of the CES-D. It includes all 20 original CES-D items with each item scored as present/absent (1/0) over most of the preceding week, rather than 0 to 3 as in the original CES-D. 18 
Outcome Variables
We defined the outcomes (endpoints) in 2 ways. (1) Progression to cognitive classification of severe cognitive impairment at any follow-up cycle 2 to 5, from normal cognition or MCI at baseline. (2) Progression to dementia (CDRZ1) at any cycle 2 to 5, from CDR < 1 at baseline. Time to event was not considered in these analyses; that is, all participants were classified as either progressed or not progressed to each of the outcomes at any cycle 2 to 5. Like all prospective studies, over time the MYHAT cohort underwent attrition, which was associated both with cognitive impairment and with risk factors for cognitive impairment. 17 The statistical method we used here (see below) does not account for nonrandom attrition. We therefore excluded from these analyses those participants who died or dropped out without reaching either of the outcomes.
Statistical Methods
Descriptive Statistics
We compared the baseline characteristics of participants who did and did not subsequently progress to the outcomes of (a) severe cognitive impairment and (b) CDRZ1, using w 2 or Fisher exact tests to compare categorical variables and Wilcoxon rank sum tests to compare continuous variables.
We used the Classification and Regression Tree (CART) method to identify factors predicting progression to severe cognitive impairment and dementia. 19 CART is a commonly used approach for generating clinical decision rules to differentiate 2 groups-for example, those who do and do not develop a given outcome. On the basis of binary recursive partitioning, CART segregates different values of predictors through a decision tree composed of progressive binary splits at a series of nodes (branching points). The optimal split is selected on the basis of the impurity function, which measures homogeneity within a given group at a given node. In our models, we stopped a tree from growing (branching) further when there were 15 or fewer observations at a node. We controlled tree growth at a threshold of 0.01 on the complexity parameter (ie, any additional split must increase model fit by at least 1%) and at a threshold of 0.5 on the progression rate (ie,, at the terminal node, at least 50% of participants develop the outcome). We used areas under the receiver operating characteristic curves (AUCs) to evaluate the fit of each model to the observed data. When all models were fit, we compared their AUCs.
For both the cognitive and the CDR outcome, we first examined our 5-component operational definition of IWG-MCI as a whole, calculating its sensitivity, specificity, positive (PPV) and negative predictive values (NPV), and AUC. We then tested a series of 5 CART models (Table e1 , Supplemental Digital Content 1, http://links.lww.com/ WAD/A79). In model 1, the predictors were the same fixed criteria as in our operational MCI definition, but disaggregated and entered individually, allowing CART to select those criteria that optimized correct classification (prediction of outcomes). In model 2, we generated separate trees for the 2 educational groups, and treated the individual criteria flexibly as continuous variables, allowing CART to select not only the predictors but also the cutoff points. In model 3, we added the AD8 score (continuous variable) as a candidate predictor. In model 4, we generated separate trees for each of the 6 education (2 levels) Â age (3 levels) groups. In model 5, we added 3 more candidate predictor variables: APOE*4, mCES-D, and history of stroke.
RESULTS
At baseline (study entry, cycle 1), the MYHAT cohort (N = 1982) was representative of older adults in the targeted communities, with a mean (SD) age of 77.6 (7.4) years and a median educational level of high school graduate; 61.0% were women and 94.8% were of mixed European descent. Subsequently, 266 participants dropped out after baseline and contributed no follow-up data, and 570 participants had incomplete follow-up without reaching either study outcome (Table e2, 
Cognitive Classification
At baseline, of 1982 participants, 1190 (60.0%) were cognitively normal, 697(35.2%) were mildly impaired, 54 (2.7%) were severely cognitively impaired, and 41 (2.1%) had insufficient cognitive data for classification. Eliminating the latter 2 groups, 1887 participants were either cognitively normal or MCI and also either CDR 0 or 0.5 (see below).
We further excluded 254 individuals who had no follow-up (ie, those who had only baseline assessments), and 504 participants who underwent at least 1 follow-up assessment but were lost (died or dropped out) before cycle 5, without reaching the severe cognitive impairment outcome. Compared with the remaining 1129 individuals, these 504 were significantly older [mean (SD) age 79.1 (7.4) vs. 76.6 (7.1) y], with lower mean (SD) baseline MMSE scores [26.9 (2.4) vs. 27.3 (2.1)], higher mean (SD) baseline IADL scores [0.03 (0.23) vs. 0.01 (0.15)], and greater proportions with impaired composite scores (1.0 SD below the overall mean) in all cognitive domains except visuospatial functioning. All P values were <0.05.
Of the 1129 individuals included in the analyses, 120 (10.6%) progressed to severe cognitive impairment at some point over 4 annual assessments. The proportions of progressors were identical (10.6%) among the 141 individuals with less than high school education and the 998 participants with high school or greater education. Those who did progress were significantly older than those who did not progress, had significantly lower scores on the MMSE and all 5 cognitive domains, more SCCs, and higher AD8 scores. They were more likely to carry an APOE*4 gene and to have higher scores on the depression symptom scale ( Table 1) .
CDR
At baseline, 1413 (71.3%) participants were rated as normal (CDR = 0), 546 (27.5%) as mildly impaired (CDR = 0.5), and 23 (1.2%) as having at least mild dementia (CDRZ1). Excluding the latter, 1959 participants were rated as either CDR = 0 or CDR = 0.5; further restricting the sample to those also cognitively classified as normal or mildly impaired left 1887 participants. We further excluded 242 individuals who had no follow-up, and 499 who underwent at least 1 follow-up assessment but died or dropped out before cycle 5 without reaching the dementia endpoint. Of the remaining 1146 individuals, 45 (3.9%) progressed to dementia (CDRZ1) over 4 annual assessments. Progression was observed in 14 (9.4%) of 149 individuals with less than high school education, and 31 (3.1%) of 997 participants with high school or more education. Those who progressed were significantly older than those who did not progress, and less likely to have at least high-school education. They had significantly lower scores on the MMSE, all 5 cognitive domains, more SCCs, and higher scores on AD8 but not the IADL scale (Table 1) .
Sensitivity, Specificity, and Predictive Value
In Table 2 , we summarize sensitivity, specificity, and predictive value, for both outcomes, of the IWG criterion set as a whole and of each of the CART models 1 to 5. We present detailed results of the final (best-fitting) models in tabular form (Table 3 ) and in graphic form (Figs. 1, 2) . 
For the Outcome of Severe Cognitive Impairment Over 4 Years
See Table 2 . Treating our operational IWG-MCI criterion set as a whole, with fixed cutoff points on each criterion (cognitive domain cutoff points 1.0 SD below the demographically appropriate mean), we observed sensitivity and specificity of 49% and 86%.
In model 1, allowing the CART model to select the predictors at the same fixed cutoff points, sensitivity increased to 50% and specificity increased to 93%. The tree first split (branched) at the 1.0 SD cutoff point below the mean on the memory domain. Of the 120 individuals who progressed to severe cognitive impairment, 60 scored above this memory cutoff point and remained false negatives. For those who scored below the cutoff point, the remaining splits were at the fixed 1.0 SD cutoff points of executive functioning, SCCs, and visuospatial functioning. Attention/ speed, language, IADL, and MMSE were not selected.
From model 2 onward, we used cognitive domain scores unadjusted for demographics, allowing the CART model to select not only the criteria but also the optimal cutoff points. As more predictor variables were added, the models became progressively more complex-that is, the trees produced more branches, and the AUC progressively improved until we fit model 4 ( Table 3 , Fig. 1 ) with separate trees for the 3 age groups within the 2 educational groups. Among the 25 individuals aged 65 to 74 with less than highschool education, none progressed to severe cognitive impairment. In the remaining 5 age-education groups, the first split was on memory, with the cutoff points at scores 1.38, 2.06, 0.51, 0.99, and 1.11 SDs below the overall unadjusted mean ( Table 3 , Fig. 1 ). These scores correspond to 1.04, 1.08, 1.30, 1.05, and 0.52 SDs below the age-education-adjusted mean for each group. Among those with lesser education, no further assessments improved prediction. Among those with more education, all domains and the MMSE were selected for different subgroups. The presence of Z6 subjective concerns improved prediction only among those aged 75 to 84 with intermediate memory scores (between 0.99 and 1.71 SD below the overall mean).
To summarize the CART models for the cognitive outcome, the IWG-MCI criterion set as a whole had fairly low sensitivity (49%), which improved to 82% when we allowed the CART model to determine the cutoff points and to develop different trees for different age and education groups. PPV improved from 29% to 47% and then decreased to 41%. Specificity and NPV were already high at 93% and remained high, as expected for a rare event. The number of "false positives" (ie, those who met the criteria at baseline but did not progress to the outcome) decreased from 144 (14%) cases for the IWG set to 16 (1.6%) for model 4. The number of false negatives decreased from 61 (51%) to 48 (40%). The predictor (criteria) variables and optimal cutoff points selected by the models varied across the subgroups. In all models, age groups, and education groups, the first split was in the cognitive domain of memory, but the optimal cutoff point ranged from half an SD below the overall mean (in the youngest and higher educated group) to 2 SDs below the mean (in the oldest and lower educated group). Models 2 and 3 were identical (ie, the addition of the AD8 did not influence prediction); models 4 and 5 were also identical-that is, the addition of the associated features (APOE*4, stroke history, and depressive symptoms) did not influence prediction. The final models had significantly higher AUCs than the IWG criterion set and the preceding models ( Table 2 ).
Subjective Cognitive Concerns
For the cognitive outcome, subjective concerns alone had a sensitivity of 54%, specificity of 69%, PPV and NPV of 17% and 93%, and AUC 0.637. For the CDR outcome, subjective concerns performed better, with a sensitivity of 60%, specificity of 83%; PPV and NPV of 13% and 98%, and AUC 0.732.
For the Outcome of Dementia by CDRZ1 Over 4 Years
See Table 2 . The IWG-MCI criterion set had even lower sensitivity (40%) for CDR Z1 than it did for the cognitive outcome, which was as expected because the predictors were weighted towards cognition. Sensitivity improved to 76% with CART modelling. PPV, though low, improved somewhat from 9% to 19% and by modeling the fixed criteria, and declined somewhat to 14% when the criteria were made flexible. Specificity and NPV were already high and remained so. False positives decreased from 175 (16%) cases for the IWG set to 9 (0.8%) for model 4, while false negatives remained unchanged at 27 (60%) and 28 (62%). The neuropsychological memory domain was the only criterion that entered the final tree, with cutpoints varying by age and education. We note that in model 2 (Table e-3, Supplemental Digital Content 1, http://links.lww.com/WAD/A79),Z 6 SCCs was predictive among those with greater education, but not after introducing age groups in model 3 (Table e4 , Supplemental Digital Content 1, http://links.lww.com/WAD/A79). As with the cognitive outcome, the three associated/risk features did not influence the model.
In model 4 ( Table 3 , Fig. 2 ) among participants with less education and aged between 65 and 74 years, none progressed to CDRZ1; 5 aged between 75 and 84 years who did progress could not be captured. Of 54 individuals aged 85 years or older, 9 progressed to dementia; the optimal cutoff point on the memory score was 2.06 SD below the unadjusted overall mean, corresponding to 1.08 SD below the mean for this age-education group. For those with higher education aged between 75 and 84 and 85 or older, the optimal cutoff points were 1.82 and 1.49 SD below the overall mean, corresponding to 1.97 and 0.92 SD below the age-education means. Models 4 and 5 were identical, as for the cognitive outcome. All models 1 to 4 had significantly higher AUCs than the IWG criterion set, and the fit of each model 2 to 4 was significantly improved over the preceding one ( Table 2) .
CONCLUSIONS
In a large, prospective, population-based cohort of older adults, we operationalized the IWG criteria 1 for MCI at the study baseline. 5 Including all nondemented participants at baseline, we evaluated the capacity of this criterion set as a whole and of its individual components, to predict progression to 2 outcomes: severe cognitive impairment as assessed by neuropsychological measures, and dementia as assessed by the CDR scale. We used an zModels 2 and 3 were identical. AUCs for model 2/3 were significantly higher than for model 1, AUC for model 4 was significantly higher than for models 2/3 (P < 0.01). AUCs for models 2/3 and 4 were significantly higher than for the IWG criteria (P < 0.0001).
#AUCs for models 1, 2, 3, 4 were significantly higher than for the IWG criteria (P < 0.05). AUC for each model 2, 3, 4 was significantly higher than for the preceding model (P < 0.05).
AUC indicates area under receiver operating characteristic curve; CART, Classification and Regression Tree; CDR, Clinical Dementia Rating; IWG, International Working Group; MCI, mild cognitive impairment; NPV, negative predictive value; PPV, positive predictive value. empirical statistical method, CART, to optimize sensitivity, specificity, and predictive value by selecting the predictors themselves and also the thresholds or cutoff points on the predictors. The criterion set as a whole had modest sensitivity and good specificity for both outcomes. When the criteria and thresholds were treated flexibly, the CART models primarily selected the objective cognitive measures, principally the memory domain as would be expected from previous studies. [20] [21] [22] In the final model for the CDR outcome, only the memory domain provided any value, although subjective concerns did enter the CDR model before age was considered. For the cognitive outcome, only memory was selected for those with less than high-school education; all cognitive domains were selected for those with high-school or greater education, with domains and cutoff points depending on age and education. The MMSE with a cutoff point of 24, and SCCs with a cutoff point of 6, also entered the final models. However, IADL and AD8 generated no branching, suggesting that the exclusion criterion related to everyday functioning might not be essential for predictive value, and thus the utility, of the definition of MCI. As expected, greater age and lesser education increased the likelihood of progression. The cutoff points generated by CART were lower for the older and less educated groups, relative to the overall mean. The optimal cutoff points were closer to 1.0 SD than to 1.5 SD below the age-education-adjusted mean, consistent with the findings of another population study. 21 In our final models, specificity remained excellent and sensitivity greatly improved.
None of the 3 independent factors known to be associated with dementia (stroke history, depression, and APOE*4 genotype) [23] [24] [25] improved the capacity of the criteria to predict either outcome even though stroke and depression were associated with progression to severe cognitive impairment. Biomarkers of specific underlying causal conditions, such as neurodegenerative or vascular disease, are usually viewed as enhancing specificity of diagnosis in a case of dementia. It remains to be determined whether they can improve prediction of dementia in normal or mildly impaired individuals. One previous study found the effects on sensitivity and specificity of APOE*4 and the putative Alzheimer's disease biomarkers were different in amnestic and nonamnestic MCI. 26 The likelihood of progression to dementia depends on the setting and circumstances under which the MCI is assessed; in a specialty clinical setting where the individual is seeking care for mild impairment, MCI is more likely to represent an underlying progressive brain disease than it is in a community setting where MCI is measured by systematic assessment of a population. 11, 12 In the clinical setting, the selection factors that lead patients/families to seek care for cognitive concerns may lead those concerns to have more predictive value than they do in the population setting. Not surprisingly, we found that subjective concerns, examined on their own, had better sensitivity and specificity for the CDR outcome than they did for the cognitive outcome; but for both outcomes, subjective measures had minimal impact once objective cognitive measures were included in the models. Studies of impaired individuals in clinical research settings usually require a reliable informant to provide collateral information. In our population setting, we used solely self-reported data on subjective concerns and IADL collected from dementia-free participants. Further, in operationalizing the IWG criteria for the population setting, we did not use the element of clinical judgment, which is standard in specialty clinical settings, although the interrater reliability of clinical judgment across studies and settings is not easily established. In contrast to our findings, a previous population study that included informant report and clinical judgment, found high sensitivity and low specificity. 22 This suggests the testable hypothesis that both informant reports and clinical judgment enhance sensitivity, perhaps at the expense of specificity.
Caveats in interpreting our data include the following. Optimization produced by the CART approach is sampledependent. Identical results will likely not be found in samples with different demographic characteristics and attrition rates and in which different cognitive tests were administered to tap the same cognitive domains. Particularly for the CDR outcome, which has been reached by only 45 of our study participants to date, we likely lacked sufficient power to build a more predictive tree. Some potential predictors may have failed to predict the study outcomes because they were associated with subsequent attrition; it is untestable whether individuals who had these characteristics might have progressed to the outcomes of interest had they remained in the study. A limitation of the CART method is that it assumes attrition is completely random-that is, that individuals who drop out have the same risk for progression as those who remain in the study. Trees with different branches might have been generated if we had no attrition, or if nobody or everybody who dropped out would have developed the outcomes by cycle 5. Further, the CART method treats the outcomes as binary (progressed vs. not progressed) and does not model time to the outcome; this feature could be a limitation, for example, in applications in which criteria are used to select participants for intervention trials of specified durations.
In summary, we found that objective cognitive measurements contributed more than subjective and functional measures did to the prediction of dementia in this population setting. Those with less education only required memory testing, whereas those with more education required assessment of several cognitive domains. The optimal cutoff points were around 1.0 SD below the ageeducation mean; in cases in which only overall norms are not available, the appropriate threshold will vary according to the individual's age and education. This approach may have particular benefits outside specialty settings, where there is greater heterogeneity of demographics and underlying diseases, and may also inform studies of preclinical disease. Overall, our results suggest some potential directions for enhancing the utility of the MCI criteria, and we encourage others to replicate our findings to determine their external validity.
